The Perilipin homologue LSD2 has been identified as a regulator of microtubule motor activity in Drosophila embryos. LSD2 is required for the net directional transport of lipid droplets and the new data support a model in which the protein imparts bias onto a molecular toggle that otherwise randomly engages minus and plus end motors in a paired set. 
Robert S. Cohen
Microtubule-based motors play a fundamental role in the positioning of molecules and organelles within cells [1] . A number of recent studies indicate that microtubule plus end-and minus end-directed motors -for example, cytoplasmic dynein and kinesin I, respectively -bind their cargoes as an interdependent complex in which the activity of each motor is dependent on the presence of the other [2] . Other proteins in the complex are thought to act as a 'molecular toggle' which ensures that only one motor is active (engaged) at any given time. Net directional transport of cargo toward a particular end of the microtubule is thought to depend on accessory proteins that act on the toggle to favor or sustain activation (engagement) of one motor type over the other [2] .
The identification of the first such candidate accessory protein, LSD2, is reported by Welte et al. [3] in a recent issue of Current Biology. LSD2 is specifically required for the regulated transport of lipid dropletsprotein-coated balls of fat essential for efficient energy storage. But LSD2's mode of action appears to be general and its study is likely to provide widespread insights into the mechanisms that regulate motor activity and cargo transport.
LSD2 was identified in a proteomics screen for proteins whose abundance on lipid droplets varies with the transport properties of the droplets. The screen was feasible because lipid droplet transport is highly synchronized in Drosophila embryos. A phase of no net transport -equal back and forth motion -is followed in turn by phases of net plus end-and net minus end-directed transport [4] (Figure 1) . Moreover, each phase is associated with a distinct embryonic morphology, allowing accurate staging of the organisms prior to droplet purification. The overall protein composition of the lipid droplets does not change during these phases; all the droplets contain the same set of 400 proteins upon twodimensional gel analysis [3] . Amongst these proteins, only one -identified by mass spectrometry as LSD2 -exhibited phase-dependent variation in intensity. LSD2 was most abundant on droplets undergoing net plus end-directed transport (phase II droplets). Intermediate amounts of LSD2 protein were found on droplets undergoing net minus enddirected transport (phase III droplets), while only low amounts of protein were found on droplets undergoing no net directional transport (phase I droplets).
Sequence analyses indicated that LSD2 is a member of the PAT (Perilipin, Adipophilin and TIP47) family of proteins, which are conserved in all examined metazoans [5] . Like the other members of this family, LSD2 is abundantly expressed on the surface of lipid droplets [3] and contains the conserved carboxyterminal PAT domain of unknown function [5] . PAT family members, including LSD2, contain one or more hydrophobic sequence patches, which direct binding to lipid droplets in an as yet undefined way [6] . Perilipin knockout mice have difficulty in forming fat tissue, even when overfed [7, 8] . The molecular basis of this defect is not certain, but a number of studies indicate that Perilipin and other PAT family members recruit lipases to lipid droplets to initiate lipid metabolism [7, 8] . Drosophila LSD2 mutants also show defects in lipid droplet metabolism [9] , indicating that this is a conserved function of the protein family.
The Welte et al. study [3] has revealed a requirement for LSD2
The Perilipin homologue LSD2 has been identified as a regulator of microtubule motor activity in Drosophila embryos. LSD2 is required for the net directional transport of lipid droplets and the new data support a model in which the protein imparts bias onto a molecular toggle that otherwise randomly engages minus and plus end motors in a paired set. This increase is not due to an increase in motor velocity, but rather to an increase in the duration of the run itself. In LSD2 mutants, mean run lengths are reduced in both directions; however, the reduction is sufficiently greater in the plus end direction to eliminate the normal phase II bias that results in net plus-end transport. As a result, lipid droplets only show back and forth motion in LSD2 mutant embryos during phase II. Similar back and forth motion is seen during phase III in the LSD2 mutants, when wild-type droplets exhibit net minus end directed transport (Figure 1) [12] . In Klar mutants, the mean distance of back and forth movements is reduced, consistent with the idea that the plus end and minus end motors in a paired set are at war with each other, i.e., simultaneously engaged rather that alternately engaged. This idea is supported by the finding that less force (applied with optical tweezers) is needed to stall cargo transport in Klar mutants than in wild-type cells [12] . Together with the finding that Klar is localized to the surface of cargoes [12] , these data are consistent with the idea that Klar is itself a component of the toggle that alternately engages plus and minus end motors and that LSD2 biases motor activities through direct interactions with Klar (Figure 2) .
The second tantalizing hint as to how LSD2 might control motor activity is provided by the finding that LSD2 is multiply phosphorylated [ Exactly what does a migrating species require? First, the birds need a compass to know which direction they are going, and they come supplied with several: the earth's magnetic field (indicating magnetic north); the celestial pole (indicating true north, about which the stars appear to rotate at night); and the sun's location (as inferred from patterns of sun-centered polarization which, with a suitable time sense, also specifies true north). Second, they need to know at least roughly -and in some instances quite precisely -where they are relative to their goal. In the case of homing pigeons, this ability is known as a map sense, and has a resolution of a very few kilometers [2] .
The map sounds quite mysterious compared to the compass, but they are both daunting challenges. Consider the problem from the bird's point of view. First of all, it is cloudy a lot, so much of the time you can forget about using celestial cues. But then, why not just use magnetic north? If you are born at a high latitude -where large numbers of species breedthere is often a large discrepancy between magnetic and true north -the declination error, which arises in part from the 1400 kilometer separation of this point from the geographic pole. Worse, declination generally changes as you fly south. And even if the evening is clear, the stars and patterns of polarized light change with both latitude and date.
Birds dispose of these problems by periodically calibrating one compass against the other [3, 4] . Recent evidence has shown that when the sky is LSD2. It will of course also be of interest to determine how interactions between LSD2 and Klar actually influence Klar in its putative role as a molecular toggle. Does the binding of LSD2 to Klar increase Klar's affinity for one motor type over another (Figure 2) ? Or, do LSD2-Klar interactions lead to the recruitment of accessory factors that stabilize or otherwise act on already engaged motors? It will also be of interest to investigate the connection between LSD2-dependent transport and LSD2-dependent metabolism of lipid droplets. One intriguing possibility, suggested by Welte et al. [3] , is that transport induces structural changes in the droplets that increase the accessibility of their lipid and fat contents to lipases and other metabolic enzymes. Finally, it will be of interest to identify the LSD2-counterparts that control net directional transport of cargoes in other systems.
